Analysis of flies with mutations in the gene encoding the D-mef2 transcription factor identifies it as a controller of differentiation in multiple muscle cell types; it is the first such gene to be described.
The mesodermal primordium in the ventral region of the embryo is specified by the maternally expressed transcription factor Dorsal, and is characterized by the expression of two more transcription factors, encoded by the zygotic genes twist and snail. At gastrulation (3 hours after egg-laying), these mid-ventral cells invaginate and spread in a layer under the ectoderm to form the mesoderm, which gives rise to a number of different cell types, including the various muscles [1] . At gastrulation, these invaginating cells are restricted to form mesodermal derivatives, but they are not committed to differentiate into a particular cell type [2] . During the next few hours, however, the cells proliferate and diversify, and commitment occurs. It is therefore during this period of development that we must look for the mechanisms of commitment to myogenesis (Fig. 1) .
The embryonic muscles can be divided into three types: somatic, visceral and heart. At 5 hours after egg-laying, the mesoderm begins to separate into two cell layers: the somatic muscles derive from the external layerthat closest to the ectoderm-and the visceral muscles derive from the internal [1] ; the heart derives from the most dorsal external cells. Morphological signs of muscle development subsequently become apparent. In the case of somatic muscle, small precursors comprising two or three fused myoblasts appear from around 8 hours after egg-laying. These precursors abut the central nervous system or epidermis, and together they pre-figure the final somatic muscle pattern. Expression of muscle myosin, which is a molecular marker of the later stages of muscle differentiation, follows at 9 hours after egg-laying.
There are two principle, not mutually exclusive, hypotheses to explain how differences arise within the mesoderm Fig. 1 . A simplified summary of muscle development from the mesoderm in Drosophila. Genes required for particular steps in this process are indicated above the 'time line', shown as hours after egg laying. Below the line, the timing of some of the mesoderm and muscle developmental events are depicted; at the bottom are shown the major cell movements of Drosophila embryogenesis.
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to assign cells to distinct differentiation pathways. Firstly, there may be mechanisms intrinsic to the mesoderm. These might include communication between the cells of the mesoderm, as well as restriction of transcription factor gene expression to regionalized domains, perhaps as a refinement of the early events that subdivide the blastoderm. Secondly, there may be inductive influences from the ectoderm, an idea in insect developmental biology that can be traced back to ablation experiments on lacewing embryos in 1940.
There is now evidence that both mechanisms do occur. The segment-specific patterning of somatic muscles illustrates an intrinsic mechanism; thoracic segments have a different pattern to abdominal segments, and this is regulated by homeotic gene expression in the mesoderm [3, 4] . A clear inductive effect is shown by decapentaplegic (dpp), which encodes a member of the transforming growth factor 3 family of growth factors; ectodermally expressed dpp activates mesodermal gene expression dorsally [5, 6] . There are hints of other players, and in each case they are not mesoderm-specific genes; rather, they are already known to have roles in ectodermal patterning. How this spatial information is interpreted to form the various differentiated cell types of the mesoderm with their particular organization remains a fundamental question.
Five recent papers on the Drosophila homologue of the vertebrate transcription factor MEF2 describe important results relevant to this issue [7] [8] [9] [10] [11] . MEF2 belongs to the MADS family of transcription factors, which regulate muscle gene transcription in humans, mice and frogs. The Drosophila homologue, D-mef2, is also an activator of transcription [7, 8] ; it is very similar to other MEF2 proteins in its DNA-binding domain, and its gene is alternatively spliced, like theirs [9] . The D-mef2 gene has a complex and dynamic pattern of expression during embryonic development which has been described in detail [9] . It has three main features. Firstly, D-mef2 is expressed throughout the mesodermal primordium before gastrulation and during early germ band extension (Fig. 2a) . Secondly, when the mesoderm reorganizes into groups of cells with distinct fates, strongly expressing single cells that will form heart and somatic muscle become apparent (Fig. 2b) . Also, as the two layers of the mesoderm form, D-mef2 expression modulates along the anterior-posterior axis, marking cells with different fates. Thirdly, late in embryogenesis, D-mnef2 is expressed throughout the somatic, visceral and heart musculature ( Fig. 2c) , and its pattern of expression resembles that of muscle myosin.
A substantial advance in the understanding of D-mef2 function is reported in two papers describing the striking phenotype of mutations in the D-mef2 gene [10, 11] . Myosin was used as a marker of muscle differentiation in these studies; it is normally expressed in all the somatic, visceral and heart musculature, but in late D-mef2 mutant embryos (12-14 hours after egg-laying) there is very little myosin expression. This identifies D-mef2 as the first gene known to be required for complete differentiation in multiple muscle types. In principle, this late phenotype could be due to a failure in either the later steps of mucle cell differentiation or the earlier commitment to make muscle. The use of molecular markers, together with morphological observations, indicates that the defect in D-mef2 mutants is actually late in the differentiation process. These methods also reveal that the different muscle types are differentially affected in the mutant embryos. I will deal with each in turn.
Although a range of markers demonstrate that the patterning and organization of the mesoderm is substantially unaffected in D-mef2 mutant embryos, no somatic muscle is produced [10, 11] . However, somatic mesodermal cells do start to differentiate, as revealed by their expression of 33 tubulin, but differentiation subsequently fails and ultimately the cells die. The heart is less drastically affected in the mutants [10, 11] . Although no myosin is detected, heart morphogenesis apparently proceeds normally and 3-tubulin is still expressed at 13-16 hours after egg-laying. Finally, and in contrast to somatic and heart muscle, some myosin-expressing visceral muscle is found [10, 11] ; nevertheless, the differentiation of the visceral musculature is clearly incomplete. In summary, and despite the striking pattern of D-mef2 expression in the early mesoderm, these studies reveal a role for D-mef2 only late in the differentiation of the muscle lineages. Whether some sort of redundancy of gene function masks an earlier role remains to be determined.
Which other genes are known to have a role early in the development of the various muscle types? For the heart, tinman is absolutely required. In its absence, there is no evidence for the development of any heart structures (except the lymph glands). For the visceral mesoderm, tinman and a related gene, bagpipe, are required [12] . Here there is a hierarchy of gene function: bagpipe expression is dependent on tinman, which in turn is dependent on twist. In both tinman and bagpipe mutants, the majority of the somatic muscles are normal and there is no work yet reported that identifies a gene required for the early steps of somatic mesoderm differentiation (Fig. 1) .
So, how does D-mef2 relate to twist and tinman? Like them, it encodes a transcription factor that is expressed in the mesodermal primordium. There is strong evidence that D-mef2 is a downstream target of twist around the time of gastrulation, including the finding that ectopic expression of twist rapidly induces ectopic expression of D-mef2 [9] . In contrast, much D-mef2 expression is independent of tinman, although no D-mef2 expression is detected in the region of the heart precursors in tinman mutant embryos [8] . But although the early pattern of expression of D-mef2 resembles that of tinman, there is a profound difference in mutant phenotype, as we have seen, demonstrating the divergent functions of the two genes.
MEF2 genes were first described in vertebrates, and their importance was shown by two notable gain-offunction experiments. MEF2 genes can convert fibroblasts into myoblasts [13] and can activate heart muscle gene transcription in the frog 'animal cap' assay [14] . The recent papers of Lilly et al. [10] and Bour et al. [11] describe the first loss-of-function studies for a MEF2 gene in any species, and provide the first information on the role of a MEF2 gene during embryonic myogenesis. Of course, now the loss-of-function studies in vertebrates are awaited with interest -although the 'knockout' analysis in mice may be complicated, because mice have four MEF2 genes with overlapping patterns of expression. Even though Drosophila has only a single D-mef2 gene, the analysis of its function has also only just begun.
